Abstract Neuroimaging studies have begun to uncover the neural substrates of cancer and treatment-related cognitive dysfunction, but the time course of these changes in the years following chemotherapy is unclear. This study analyzed multimodality 3T MRI scans to examine the structural and functional effects of chemotherapy and postchemotherapy interval (PCI) in a cohort of breast cancer survivors (BCS; n = 24; PCI mean 6, range 3-10 y) relative to age-and education-matched healthy controls (HC; n = 23). Assessments included voxel-based morphometry for gray matter density (GMD) and fMRI for activation profile during a 3-back working memory task. The relationships between brain regions associated with PCI and neuropsychological performance, self-reported cognition, and oxidative and direct DNA damage as measured in peripheral lymphocytes were assessed in secondary analyses. PCI was positively associated with GMD and activation on fMRI in the right anterior frontal region (Brodmann Areas 9 and 10) independent of participant age. GMD in this region was also positively correlated with global neuropsychological function. Memory dysfunction, cognitive complaints, and oxidative DNA damages were increased in BCS compared with HC. Imaging results indicated lower fMRI activation in several regions in the BCS group. BCS also had lower GMD than HC in several regions, and in these regions, GMD was inversely related to oxidative DNA damage and learning and memory neuropsychological domain scores. This is the first study to show structural and functional effects of PCI and to relate oxidative DNA damage to brain alterations in BCS. The relationship between neuroimaging and cognitive function indicates the potential clinical relevance of these findings. The relationship with oxidative DNA damage provides a mechanistic clue warranting further investigation.
Introduction
Increasing evidence shows cognitive changes related to breast cancer and its treatments, as demonstrated by lower than expected performance on neuropsychological tests. Meta-analyses have shown changes in verbal and visuospatial domains [1] , as well as executive function (including working memory) and processing speed [2] [3] [4] [5] . Self-report measures show increased perceived cognitive difficulties in cancer patients [6] .
Imaging studies have recently begun to reveal the neural substrates of such changes. Retrospective MRI studies have shown post-chemotherapy structural alterations in both gray [7] [8] [9] and white matter [10, 11] in cohorts of breast cancer survivors (BCS) whose average post-chemotherapy intervals (PCIs) ranged from four months to 21 years. Retrospective functional MRI (fMRI) studies have shown hypoactivation during cognitive tasks, at an average of 4.7 years [12] or 10 years [13] post-chemotherapy, compared with BCS who never received chemotherapy. De Ruiter et al. [7] demonstrated links between structural and functional results in a single cohort approximately 10 years post-chemotherapy (compared to non-chemotherapy treated BCS), with gray and white matter changes overlapping with regions of fMRI hypoactivation. Recently, prospective structural, functional, and diffusion tensor MRI studies [14] [15] [16] have shown changes after treatment, particularly in the frontal cortex. The recent prospective data are particularly important given the reports of cognitive [17] and functional [16, 18, 19] changes before treatment.
Many biological mechanisms for cancer-and treatmentassociated cognitive dysfunction and brain changes have been proposed; prominent among them are oxidative stress, DNA damage, and compromised DNA repair, all of which may be shared risk factors for development of cancer and sensitivity to cancer-and treatment-related neurological side effects [20] . Several chemotherapeutic agents are known to produce oxidative DNA damage. Increased oxidative DNA damage in white blood cells has also been demonstrated in women with breast cancer pre-treatment, and these changes are exacerbated after chemotherapy [21] .
Despite recent progress, the time course of changes during survivorship is poorly understood. The current study examines the association of PCI with gray matter density (GMD) and working memory-related functional MRI (fMRI) brain activation in BCS. The relationships among PCI, neuroimaging, cognitive changes and biological markers could help in elucidating important mechanisms. We hypothesized that in BCS compared with healthy controls, there would be increased cognitive dysfunction, changes on neuroimaging, and oxidative and direct DNA damage, and that these would be associated with shorter PCI.
Methods

Participants
BCS with a history of non-metastatic disease and chemotherapy treatment and age-and education-matched healthy controls (HC) were recruited as part of a larger study of the cognitive sequelae of cancer and its treatments [22, 23] . Approximately 60 % of the sample therefore had prior assessment with a subset of neuropsychological measures 2-4 years earlier. No practice effects were evident in the subset of the current sample enrolled in the previous study (data not shown). In the present study, 27 BCS and 24 HC underwent structural and functional MRI exams as well as a battery of neuropsychological tests and self-report measures. Blood was obtained for biomarker analysis, including Comet assays to assess DNA damage (see below). Four participants were excluded from all analyses: one HC for current use of antipsychotic medication, two BCS for history of stroke, and one BCS for extremely poor performance ([4 SD below the control mean) on neuropsychological tests, which was thought to be due to a comorbid condition. Final group sizes in the current study were 24 BCS and 23 HC.
Image acquisition, processing, and analysis All images were acquired on the same Siemens MAG-NETOM Tim Trio 3T scanner using a 12-channel head coil as previously described [16, 24] . Structural scans were a sagittal T1-weighted MP-RAGE (magnetization prepared rapid gradient echo) sequence with the parameters: 160 contiguous 1.2 mm slices, TR: 2300 ms, TE: 2.91 ms, TI: 900 ms, flip angle: 9, NEX: 1, BW/Pixel: 240, FOV: 256 mm, matrix 256 9 256, and in-plane resolution: 1.0 9 1.0 mm. Blood oxygenation level-dependent fMRI images were acquired axially with a T2*-weighted single shot echo-planar imaging pulse sequence with the parameters: TR: 2250 ms, TE: 29 ms, flip angle: 79, FOV: 220 mm, matrix: 88 9 88, slice thickness: 3.5 mm, NEX: 1, yielding 39 contiguous axial slices and a voxel dimension of 2.5 9 2.5 9 3.5 mm.
As in our prior fMRI studies of breast cancer patients [16, 25] , a block design verbal ''N-back'' task was used. During scanning, participants saw a series of consonant letters (except L, W, and Y) presented one every three seconds. Task conditions were 0-, 1-, 2-, and 3-back. Each condition was presented in 27 second epochs preceded by three seconds of instruction (e.g., ''the match is one back''). For each letter, participants responded via button press to indicate whether the current letter was a match (i.e., was the same as the designated target or the letter presented 1, 2, or 3 back in the sequence, depending on the condition) or a non-match. The four experimental conditions were each presented three times in pseudorandom order for a total of 12 task blocks (total duration = 6:54). Participants practiced a version of the task before scanning to insure comprehension of the task. Presentation software (Neurobehavioral Systems, Inc., Albany, CA) was used to program the task and record response accuracy and reaction times.
Image processing for VBM used in-house MATLAB (Version 7.9 (R2009b), Mathworks, Inc., Natick, MA) scripts to implement optimized VBM methods [26] [27] [28] using Statistical Parametric Mapping software (SPM; Version 8, Wellcome Department of Imaging Neuroscience, London, UK), similar to our prior studies [15, 16, [29] [30] [31] . In brief, after reconstruction, scans were registered to the Montreal Neurological Institute T1-weighted template and segmented into gray matter, white matter, and cerebrospinal fluid compartments using the MNI T1-weighted template and corresponding tissue probability maps. Gray matter maps were then spatially normalized to MNI space, resampled to 1 mm isotropic voxels, and smoothed using an isotropic Gaussian spatial filter (FHWM = 10 mm). The smoothed, normalized gray matter maps were used for second-level multisubject voxelwise analyses. The SPM8 prior probability gray matter template was used to restrict statistical comparisons to the gray matter compartment.
fMRI image processing also utilized SPM8. Spatial realignment using a six-parameter model was performed on raw scan data to remove minor motion-related signal change. Realignment parameters were entered as covariates at the subject level, and all volumes were normalized into standardized atlas space, resampled to 2 mm 3 isotropic voxels, and smoothed to a FWHM of 8 mm. Contrast images comparing pairs of working memory load conditions (e.g., 3-back [ 0-back) were created for each participant. These contrast images were then used in second-level multisubject voxelwise analyses. Mixed model analyses accounted for both random effects (scan) and fixed effects (task condition).
Voxelwise random effects analyses for both VBM and fMRI were conducted using linear regression (for PCI) or t-tests (between-group analysis) as implemented in SPM8 to construct maps of voxels in which local GMD or activation differed as a function of PCI or between BCS and HC groups. Age was included as a covariate in all group analyses. Statistical significance was set at an uncorrected voxel-level p crit of 0.001 and a minimum cluster size (k) of 10 voxels. Voxel-level significance values represent the chance (under the null hypothesis) of finding a voxel with as great as or greater than a height threshold (Z). Clusterlevel significance can be interpreted as the probability (under the null hypothesis) of finding a cluster with as great as or greater than a number of voxels, with family-wise error correction for the whole-brain search volume (i.e., correction for multiple comparisons). In fMRI comparisons, a mask of the main effect of the 3-back [ 0-back comparison (p crit = 0.05) in all participants was applied to search in only regions of task-related activation.
In order to correlate imaging data with behavioral and Comet assay data, MarsBaR v0.42 (http://marsbar.source forge.net/) was used to extract mean GMD or activation values from each statistically significant cluster. To reduce dimensionality of imaging data from each analysis, these mean cluster values were averaged to create an overall mean value of significant clusters for each analysis.
Neurocognitive testing and self-report measures Raw neurocognitive test scores were normalized using the mean and standard deviation of the HC group scores. Domain scores were created for each participant by averaging the z-scores of the included tests. Domain scores were then adjusted for age. The learning domain consisted of the Rey Auditory-Verbal Learning Test (AVLT) total learning score [32, 33] , story recall (immediate) [34] , and the sum of recalled items for initial learning trials on the Brown Learning Test (BLT) [35] . The memory domain comprised Rey AVLT delayed recall, story recall (10 min delay) [34] , and BLT long delay score. [41] , and Grooved Pegboard total time [42] .
Self-reported cognition was assessed using the Multiple Ability Self-Report Questionnaire (MASQ) [43] and the Functional Assessment of Cancer Therapy-Cognitive Function (FACT-COG) [44] . It should be noted that, unlike other self-report data presented, higher scores on the FACT-COG are indicative of decreased cognitive complaints. The Center for Epidemiologic Studies-Depression Scale (CES-D) [45] and the State-Trait Anxiety InventoryState Scale (STAI-S) [46] were used to assess depression and anxiety symptoms.
Assessment of direct and oxidative DNA damage: comet assay Whole blood (10 ll) was mixed with 0.5 ml RPMI 1640 containing 10 % FBS, 10 % DMSO, 1 mM deferoxamine, step-frozen and stored at -80°C until analysis. The Comet assay was performed as described previously [47] . In brief, 6 ll of blood was mixed with 70 ll 1 % low melting point agarose and applied onto Trevigen CometSlides Ò . Cells were lysed, placed in alkali buffer, and then electrophoresed. Slides were stained with ethidium bromide, and 100 randomly selected nuclei/treatment were evaluated (Komet 4.0; Kinetic Imaging Ltd., Liverpool, UK). For the assessment of oxidative DNA damage, a modified alkaline Comet assay was performed that included enzymatic digestion with formamidopyrimidine DNA glycosylase (fpg) before electrophoresis. Both direct and oxidative DNA damages were expressed as Comet (Olive) tail moment [(tail mean-head mean)*tail %DNA/100]. Increases in tail moment indicate increased DNA damage.
Statistical analyses
Linear regression within BCS only was used to assess the effect of PCI on self-reported cognition, neuropsychological test scores, and DNA damage. T-tests were used to assess significance of between-group effects with these same variables. To examine the possible pattern of relationships between imaging results and other key variables, we tested the association between mean GMD and activation values with the above measures separately in each group using regression analyses. For these secondary analyses, a liberal significance threshold of p B 0.05 was employed because of the relatively small sample size and likely non-independence among cognitive variables.
Results
Demographic information, self-report, Comet assay, ageadjusted neuropsychological domain, and cancer-and treatment-related information are shown in Table 1 . Groups did not differ in age, education, handedness, APOE status, estimated IQ, STAI-S, or CES-D scores. Patients were an average of 6.4 years post-chemotherapy (range: 3.2-10.2). PCI was not significantly correlated with age (r = -0.086, p = 0.688).
Post-chemotherapy interval
Imaging
In voxelwise regressions with PCI (BCS group only), structural and functional effects converged in the right anterior frontal lobe (Fig. 1) : GMD was positively correlated with PCI in the right superior and middle frontal gyri (Brodmann Areas (BA) 9, 10) and activation was negatively correlated with PCI in the right middle frontal gyrus (BA 10). Increased GMD was associated with longer PCI in 10 clusters within the bilateral frontal and parietal lobes and basal ganglia, as well as the right temporal lobe (Table 2) . No regions were evident in which decreased GMD was associated with longer PCI or in which activation was positively correlated with PCI.
3-back task performance and reaction times, cognitive testing, self-reports, and Comet assay PCI was not significantly correlated with 3-back task performance or reaction time, any neuropsychological domain or self-report measure, or DNA damage.
Relationship of imaging to other measures
In secondary analyses, the mean GMD value of the right frontal cluster depicted in Fig. 1 (red) was positively correlated with the overall neuropsychological performance (mean of domain scores, r = 0.434, p = 0.044) (Fig. 2) . The mean activation of the 3-back cluster depicted in Fig. 1 (blue) was not associated with any other measures at p B 0.05. The average GMD of all 10 significant clusters derived from a positive correlation with PCI (Table 2) was not associated with any other measures at p B 0.05.
Between-group analyses
Imaging
Imaging analyses revealed differences between the BCS and HC groups. BCS showed decreased GMD relative to HC in multiple regions including the left temporal lobe, right midbrain, left thalamus, right cerebellum, and right insula ( Table 2) . BCS did not show any regions of increased GMD relative to HC. Functional imaging revealed relatively decreased working memory-related brain activation in BCS compared with HC in the right precuneus and left middle temporal gyrus. No areas were associated with relatively greater activation in BCS.
3-back task performance and reaction times, cognitive testing, self-reports, and Comet assay Performance accuracy and reaction times for the 3-back task did not differ between groups. BCS scored lower than HC on the memory domain on neuropsychological testing (F (1, 45) = 4.20, p = 0.046). The BCS and HC groups also differed on the FACT-COG (F (1, 45) = 8.45, p = 0.006) and MASQ (F (1, 45) = 9.61, p = 0.003) selfreport measures, with BCS reporting more cognitive complaints on both measures. Oxidative DNA damage was increased in BCS (F (1, 45) = 4.00, p = 0.052) ( Table 1) .
Relationship of imaging to other measures
Within the BCS group, overall neuropsychological function and all but two domains were uncorrelated with the mean GMD of the regions showing between-group differences. The learning and memory domain scores, however, were negatively correlated with GMD (r = -0.639, p = 0.001 and r = -0.647, p = 0.001, respectively). Increased oxidative damage was associated with lower GMD in BCS (r = -0.508, p = 0.011, Fig. 3 ). Activation did not correlate with any other measure. Within the HC group, no significant correlations were found.
Discussion
This multimodal MRI study of long-term BCS found PCI associated with both structural and functional changes on brain MRI. Regional changes on imaging were in turn related to neuropsychological performance. Furthermore, a plasma biomarker showed increased oxidative DNA damage in BCS compared to controls which was also inversely associated with brain structural changes.
GMD was positively correlated with PCI in distributed brain regions with the largest clusters in the frontal lobes. This suggests that frontal gray matter recovers over time after an initial chemotherapy insult, as indicated by two prior prospective studies [15, 24] . Working memory-related brain activation was inversely associated with PCI in a region proximal to the largest structural finding. The convergence of structural and functional changes in the frontal region is consistent with prior reports of changes in executive cognitive functions after chemotherapy [2] [3] [4] [5] 48] as well as retrospective [12, 13] and prospective [16] functional neuroimaging studies. Results of previous functional imaging studies in breast cancer patients have been interpreted as showing compensatory hyperactivation in similar frontal regions [16, 18, 19, 25] . The present results suggest that frontal hyperactivation diminishes over time, becoming less necessary as structural recovery proceeds. Alternatively, decreased activation with a longer PCI may reflect a failure of compensatory brain activation over time. Although neuropsychological performance could potentially help to address this issue, the current study cannot differentiate between these mechanisms in the absence of substantial cognitive deficits after 6 years.
Comparisons between BCS and controls indicated decreases in GMD and activation in left middle temporal gyrus. Taken together, the structural and functional findings indicate an incomplete recovery after an average of 6.4 years post-treatment. This is generally consistent with previous GMD findings at a range of PCIs [7] [8] [9] as well as fMRI reports of hypoactivation 5-10 years after chemotherapy in BCS [12, 13] . Of note, there is also evidence for increased blood flow on O15-PET during a memory task an average of 5-10 years after chemotherapy [49] .
Relationships among imaging and cognitive variables are a particularly interesting aspect of this study that increases the potential clinical significance of our findings. Greater GMD in a right frontal cluster derived from a voxelwise regression with PCI was associated with better global neuropsychological function. GMD clusters derived from between-group imaging analyses showed an unexpected negative correlation between GMD and learning and memory scores.
DNA damage in cancer patients is attributable to multiple factors, including cancer-related inflammation and oxidative stress, deficits in DNA repair mechanisms, and treatment-related insult [20] . Chemotherapeutic regimens can damage DNA in several ways [20, 50] . Direct DNA damage may occur as a result of the mechanism of action of a drug; for example, doxorubicin intercalates with DNA, causing strand breaks. Introduction of chemotherapeutic agent into a cell can also lead to generation of free radicals, resulting in oxidative damage. Substantial increases in both oxidative and direct DNA damage measured in peripheral lymphocytes by the Comet assay have been reported from before to shortly after chemotherapy (1-2 weeks), and both oxidative and direct DNA damage were increased in BC patients relative to HC before treatment initiation [21] . In the present study, the increased oxidative but not direct DNA damage in BCS an average of 6 years post-chemotherapy relative to HC may suggest that oxidative damage is longer-lasting in this population. However, lack of correlation between oxidative DNA damage and PCI suggests a variable time course. Increased oxidative DNA damage in BCS was associated with decreased GMD in clusters derived from between-group VBM analyses. This is an interesting finding with implications for the mechanism of chemotherapy-related brain changes, and warrants further investigation. Notably, increases in both oxidative and direct DNA damage measured via peripheral lymphocyte Comet assay have also been reported in Parkinson's disease [51] as well as both mild cognitive impairment and Alzheimer's disease [52] , suggesting that a link between oxidative DNA damage and neurodegeneration may be a common phenomenon.
Limitations of the present study include a retrospective, cross-sectional design that does not permit firm conclusions with regard to change over time. Our patient cohort had a history of several different chemotherapy regimens, although many agents were common across patients. Sample size does not allow for differentiation of effects of individual regimens. Further, our BCS experienced a range of time courses and types of endocrine treatments, which have been shown to affect cognition differentially from chemotherapy [53] [54] [55] , and a majority of the cohort of this study was using these therapies at the time of the study. Cohort size does not permit conclusions about these effects of these therapies. Finally, the current study performed a number of statistical analyses, and multiple comparison corrections were not employed because of limited sample size, leaving the possibility that some of our findings are due to chance. To our knowledge, this is the first imaging study of the effects of PCI on brain structure and function. We employed multimodal MRI in concert with neuropsychological testing, cognitive self-report, and biomarkers to examine the relationship among these variables, and found points of convergence. The potential clinical significance of imaging findings was underscored by association with cognitive measures. The link between neuroimaging variables and oxidative DNA damage in peripheral lymphocytes may provide a direction for further mechanistic analysis. Prospective multimodal investigations of treatment and survivorship will continue to be important as will recruitment of larger cohorts to enhance statistical power and generalizability. Multi-center collaborations may be required to achieve sufficient recruitment, which has proven challenging in this population. Although challenges remain to fully understand the time course of cognitive and biological changes after chemotherapy, the present study demonstrates the important role that PCI may play in neural outcomes after chemotherapy.
